The genome of Drosophila, like that of most eukaryotic organisms, contains middle repetitive DNA sequences (for a review, see refs. 1 and 2). Most of these repeats are large, at least several kilobases in length, and are found interspersed with unique sequences. The number and genomic locations of the repeats often vary in different strains of flies, suggesting that they are, or once were, transposable. Most of the members of a given family of repetitive sequences (e.g., copia or P elements) are nearly identical or are simple deletion derivatives of the complete element. Short repetitive sequences, usually only a few hundred base pairs in length, have also been identified in Drosophila. They are quite distinct from the long repeats described above and are often found in the same genomic locations in different strains, arguing against their frequent transposition. Perhaps the best-characterized short repeat is the homeobox, a conserved sequence present not only in Drosophila but also in several other eukaryotic genomes, including those ofXenopus, mice, and humans (3) (4) (5) (6) . In Drosophila, this sequence is found within the protein coding regions of several genes important in development and is thought to encode a DNA binding domain (7, 8) . Similarly, the opa repeat (also known as M or strep) is also located in protein coding regions (3, 9, 10) . Unlike the homeobox, it is a simple sequence repeat, consisting largely of the triplets CAG and CAA, which encode glutamine. Different examples of the opa repeat may have different numbers of triplets, and there may be other nucleotides interspersed as well.
In a previous paper we reported the identification of a short repetitive sequence termed the pen repeat (11) , which has some characteristics similar to those of the opa repeat. In the present work we describe this repeated sequence in some detail. pen is more a "sequence motif' than a defined repetitive sequence element, consisting of a variable number of GGN triplets (where N can be any nucleotide). Analysis of several examples of the repeat implies that pen sequences may, in some cases, encode oligoglycine stretches within proteins.
MATERIALS AND METHODS
Genomic clones were derived from the Drosophila library of Maniatis (12) and cDNA clones were derived from the pupal library of Goldschmidt-Clermont (see ref. 13) or the 0-to 3-hr embryo library of Kauvar (14) . Plaque lifts, Southern and RNA transfer hybridizations, and preparation of RNA were performed as described (11) . Sequencing was done by the method of Maxam and Gilbert (15) . The dot matrix program of George and Barkert was used to locate homologies between sequences. RESULTS pen Repeat Sequences Are Short, Interspersed, Nontransposable, and Transcribed. The pen repeat was identified during studies of thefs(1)h locus, a maternal effect homeotic gene that is involved in segment specification (11, 16, 17) . The major transcripts of the locus in ovaries and early embryos are a doublet of 7.6 kilobases (kb) and a band of 5.9 kb, as shown by blot hybridization to poly(A)+ RNA (11) . However, probes from three small regions of the locus produced anomalous hybridization results. Fig. lA indicates the extent of the transcribed region (dashed arrow) of the fs(1)h locus and the location of the probes, designated fshl, -2, and -3. In addition to hybridizing to the 5.9-and 7.6-kb fs(1)h transcripts, each probe gave an identical pattern of hybridization to several additional RNAs ranging in size from approximately 1 to 3 kb, as seen for the fshl probe in lane 1 of Fig. 1C . None of these RNAs was seen with any other probe from the fs(1)h locus. Longer exposure of these blots revealed numerous minor bands and a background smear of hybridization, suggesting that the probes contained repetitive sequences. This was confirmed by using the fshl fragment as a hybridization probe to a blot of EcoRI-or HindIII-digested genomic DNA from various wild-type strains. The autoradiograph in Fig. 1B shows that each strain contains many hybridizing bands, as expected for a repetitive sequence. The Canton S lanes (lanes C) contain less DNA, which accounts for the lower intensity of hybridization. The pattern of hybridization is nearly identical in each strain; this is more obvious in the lanes containing the HindIII-digested DNA. Therefore, most Fig. 1C shows the hybridization of the fshl probe to poly(A)+ RNAs from various stages of embryonic, larval, and pupal development. Longer exposure results in the appearance of additional faint bands and a background smear of hybridization in all lanes, suggesting that many RNA species contain pen repeat sequences. Some of these RNAs are present during most, if not all, stages, whereas others are detectable for only a limited time-e.g., the 1.0-and 1.7-kb species. Thus, transcription of DNA segments containing the pen repeat is not restricted to particular stages of the life cycle. The multiplicity of developmental profiles renders it unlikely that these transcripts are generated under common developmental control.
Sequence of pen Repeats. From the fs(1)h locus, we sequenced a genomic clone corresponding to probe fshl and the embryonic cDNA el.20, which includes probes fsh2 and fsh3 ( Fig. 2A) . To isolate transcribed pen sequences from other loci, a pupal cDNA library was screened with the fshl probe. Many plaques hybridized, and four clones with inserts ranging in size from 1.7 to 2.5 kb were chosen for further analysis; these are clones p6, p9, p16, and p19. The inserts were hybridized to Southern blots of genomic DNA to determine whether the clones were transcribed from different genomic locations. The hybridizations were done under conditions in which mostly the nonrepetitive regions of the cDNAs reacted. Each insert hybridized to genomic bands of different sizes except for p6 and p19, which had a number of bands in common. In fact, sequence analysis (see below) shows that p6 and p19 are identical in the region of the pen repeat and diverge elsewhere. The pen repeat region in each clone was defined by mapping the areas that hybridized to the fshl probe; these areas and the portions of the surrounding DNA that were sequenced are indicated by the wavy line in the map of each clone ( Fig. 2A) .
The sequences ofpen-containing clones were analyzed by a dot matrix computer program to find homologies between all pairs of sequences. The only regions common to all clones consisted of clusters of the triplet GGN, where N represents any nucleotide and was found to occur with a frequency of C>T>>A>>G. These GGN clusters must therefore constitute the pen repeat. The clusters are relatively short [the longest is (GGN)14 in the p19 sequence] and are often interspersed with other nucleotides. Representative portions of the pen sequences from the different clones are shown in Fig. 2B ; the locations ofthese sequences within the clones are given by the solid blocks above the maps in Fig. 2A . The p6 and p19 clones were virtually identical throughout the sequenced region, except for the first 229 nucleotides of p6 and 67 nucleotides of p19, and may represent alternatively spliced products of the same gene. As the pen-containing regions are identical, only the p19 sequence is presented. Most of the clones show extensive clusters of GGN triplets (black background), both in the sequences presented in Fig. 2B and throughout the rest of the pen repeat region of the clone. The p16 sequence is an exception: though it does have two GGN clusters, these are relatively short. However, the sequence does have numerous GGN triplets scattered on both strands throughout the region, and these dispersed homologies may have been sufficient for hybridization with the fshl probe during the library screening. Additional clones with similar properties (few or no clusters but numerous GGN triplets on both strands) have been isolated by screening a cDNA library with the fsh2 probe. We return in the Discussion to the issue of defining a repeat family in the face of gradually diminishing homologies between different members.
Some pen Repeats Occur Within Long ORFs. All of the sequences shown in Fig. 2 , except for that offshl, are derived from cDNA clones, and the fshl region has been recovered in cDNA clones as well. Thus, all of these sequences potentially contain protein coding regions. The direction of transcription is known for the clones from the fs(l)h locus, and the sequences given in Fig. 2B are the coding strands. Likewise, the coding strand of the p9 clone is shown, as identified by a poly(A) stretch at one end. For the other two sequences in Fig. 2B (p19 and p16) , we do not know which strand may encode a protein; the strand presented is the one with the most GGN clusters. Some of the sequences analyzed here probably encode proteins since several of the clones contain a large ORF that includes the pen repeat sequences, as shown by the dashed arrows below the maps in Fig. 2A homology with the previously described sequence of the rat helix destabilizing protein (19) . Helix destabilizing proteins bind strongly to single-stranded nucleic acids. Fig. 4A shows the complete nucleotide and derived amino acid sequences of the p9 clone; Fig. 4B shows the homology with the rat protein. The first AUG of the p9 ORF is within a favorable context for translation (20, 21) and is probably the initiator methionine. Both proteins have glycine-rich C-terminal regions, starting at amino acid 203 of the rat sequence and 206 of the p9 sequence (this segment constitutes the pen repeat region in p9). The N-terminal halves of the two proteins are highly homologous, and many of the amino acid differences are functionally conservative. Between amino acids 23 and 205 of the p9 sequence and 6 and 188 of the rat sequence, the two proteins are 58% homologous, with local regions of >85% homology. This is not only highly statistically significant but most probably implies a common function; a similar extent of homology is seen, for example, among the conserved type I keratins of frogs and mammals (22) . The glycine-rich regions are less precisely conserved, although the overall composition is preserved. In both proteins, the C-terminal regions have 41-43% glycine and 31-33% uncharged polar residues, predominantly asparagine and serine in the rat protein and asparagine in p9. These regions are completely lacking in cysteine, histidine, isoleucine, leucine, threonine, and valine residues. Thus, both proteins show a similar bias in composition of the non-glycine residues within the glycine-rich regions. These similarities in sequence and structure strongly suggest, although do not prove, that the p9 sequence is the Drosophila homolog of the rat helix destabilizing protein. Thus, pen repeat sequences may encode glycine residues in functional proteins.
DISCUSSION
The pen Repeat as a Sequence Motif. The pen repeat consists of interspersed clusters of the sequence GGN. The repeat is transcribed and is found in RNAs that are present at various developmental stages; thus, the presence of pen sequences in a transcript does not restrict expression of this transcript to any particular developmental period. Sequence analysis of several cDNAs that contain the pen repeat indicates that it may be present in long ORFs in which it encodes glycine residues. In its general properties, but not in sequence, the pen repeat most closely resembles the opa repeat (9) . The opa sequence is a triplet repeat of CAG or CAA; in several cases it is present in ORFs and encodes glutamine residues. opa shows the same interspersed cluster pattern of repeated triplets as does the pen repeat. In the examples reported by Wharton et al. (9), many of the clusters are extremely large, containing up to 30 consecutive CAG/CAA triplets. In contrast, the repeat in the Dfd locus has only short clusters, with a maximum of 5 consecutive triplets (23) . Thus, neither the opa nor the pen repeat has a structure typical of most previously studied repetitive sequences ofDrosophila-i.e., there is no defined size or exact sequence, but rather a triplet structure motif. As such, these sequences may be considered a distinct class of repetitive elements. The properties of the pen repeat lead to important practical consequences in dealing with characterization of cloned DNA. Whether a region is scored as repetitive or not (14, 23, 24) . The en protein also has clusters of alanine and serine residues (14) . Glycine clusters have been reported in Ubx (25) and Dfd (23) and may be considered additional examples of the pen repeat. The function of these homopolymeric stretches is unknown, but, in the case of the glycine cluster in Ubx, it has been suggested that it forms a "hinge region" devoid of secondary structure connecting distinct domains of the protein. Because glycine has no side chain creating steric hindrance, it has a great deal of flexibility around the peptide bond and can disrupt helices, favoring the formation of globular structures (26) . The absence of a side chain may also permit polypeptide chains to pack together more tightly. These structural characteristics of glycine residues are known to be important for certain proteins. For example, mouse type I cytoskeletal keratin has N-and C-terminal glycine-rich sequences that are thought to form convoluted and flexible domains important in intermediate filament assembly (27) . Porcine adenylate kinase has a loop of alternating glycine residues that is displaced during conformational changes in the protein (28) . Similarly, the glycine-rich regions in the ORFs of the fshl, p9, and p19 sequences may constitute flexible protein domains. The amino acids that are interspersed with the glycine residues show a biased composition (Fig. 2B) Fig. 4B ; note that they are strongly conserved in the Drosophila sequence. Taken together, the homologies between the rat helix destabilizing protein and the p9 sequence strongly suggest that we have identified the Drosophila homolog of the rat protein, demonstrating in one case at least that the pen repeat may encode glycine residues in functional proteins.
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